Nickel linear nanostructures were synthesized by reduction of nickel formate with hydrazine hydrate in ethylene glycol medium in the absence of any surfactants or capping agents for direction of the particles growth. The effect of the synthesis conditions such as temperature, reduction time, type of polyol, and nickel formate concentration on the reduction products was studied. The size and morphology of the nickel nanowires were characterized by X-ray diffraction, scanning, and transmission electron microscopy. It was shown that the nickel nanocrystallites were wire-shaped with a face-center-cubic phase. Ethylene glycol was found to play a crucial role in the formation of the nickel nanowires. The possible growth processes of the wire-shaped particles taking place at 110 and 130 ∘ C are discussed. It was shown that, under certain synthesis conditions, nickel nanowires grow on the surface of the crystals of the solid intermediate of nickel with hydrazine hydrate.
Introduction
In recent years, transition metal nanoparticles (Fe, Co, and Ni) have received much attention owing to their wide applications in catalysis, optical, electronic, and magnetic devices [1, 2] . There are many various techniques that are used for making metal nanoparticles with different morphologies such as spherical nanoparticles [3] , triangles [4] , nanorods [5] , chains [2] , and nanowires [6] [7] [8] [9] [10] [11] . Anisotropic magnetic nanomaterials are known to exhibit unique magnetic properties due to which one-dimensional (1D) nanostructured materials have great potential for use in optical, electronic, and magnetic devices [12, 13] . As to 1D metallic nickel, it is increasingly required for use in gas sensors, magnetic recording devices, catalysts, and drug deliveries [14] [15] [16] . The magnetic properties of nickel nanoparticles allow their application in cell separation and manipulation. Thus, nickel nanowires functionalized with antibodies can be used for efficient cell separation [17] with little or no effects on cells and no disruption to the cellular growth cycle [18] .
To date, a range of 1D structures have been synthesized for various transition metals including nickel. To prepare 1D nanostructures, such as nanorods, nanofibers, and nanowires, the template assisted method spatially restricting the particle growth [19, 20] or the magnetic-field assisted growth route in which magnetic particles align under a magnetic field forming linear chains [21] [22] [23] [24] is often used in practice. Thus, polycrystalline nickel nanowires of around 10 microns in length and of about 200 nm in diameter were obtained using magnetic induction [25] . However, these methods which have drawbacks are being quite complicated which is caused by multistep preparation of the matrix for synthesis and the subsequent purification of the final product from residues and contaminants. Furthermore, they do not allow production of a large amount of nanomaterials.
The chemical reduction route for synthesis of nanoparticles is the most widely used because it is relatively simple, allows control of the size and the size distribution of the particles, and is more promising in terms of industrial implementation due to its relative simplicity and low cost. In this case, to restrict radial growth of nanowires, various surfactants were noted to be suitable instead of the conventional templates. The surfactants, acting as capping agents, can change the ratio of the growth rates of different crystallographic planes of the particles and result in the formation of one-dimensional nanostructures. Generally, PVP is used as the surfactant which can direct the growth of wire-like structures and prevent them from aggregation [2, 11] . Apart from that, the formation of nanorods was shown to be promoted by a high hexadecylamine content in the reaction medium [26] . Liu et al. [27] found that the anion surfactant sodium dodecyl benzenesulfonate played a key role in the growth of Ni nanobelts.
However, some experimental results indicated that the capping material is not always essential for the growth of the Ni nanowires. Thus, Krishnadas et al. [7] synthesized nickel nanowires via the reduction of nickel chloride in ethylene glycol using hydrazine hydrate as the reducing agent without the assistance of surfactants, templates, and external magnetic field. They showed that an increase in the nickel concentration resulted in an increase in both the diameter (from 60 to 130 nm) and the length (from ∼1.50 to ∼6.00 m) of the nanowires. They also found that temperature plays an important role in determining the dimensions and morphology of the nanowires, while the surfactant and magnetic field have negligible roles in their formation. However, despite the authors providing some details into the growth of anisotropic nickel nanostructures, the exact mechanism of their formation, including the role of the solvent in this process, remained unclear. Also, the effect of the nature of the solvent on the formation of the nanowires was not considered by the authors.
In this paper, we present the results of a study of the reduction of nickel formate with hydrazine hydrate using polyol (ethylene glycol, diethylene glycol, 1,2-propylene glycol, and 1,5-pentanediol) as a medium and provide a fairly simple method for preparation of nickel nanowires having the potential for high-volume production. No morphologycontrolling media, such as external magnetic forces, template materials, and surfactants, were needed to promote the one-dimensional growth in this system. Nickel formate was chosen as a precursor because the possibility of the use of short chain carboxylates for stabilization of nickel nanoparticles has not been studied yet. Furthermore, unlike long chain carboxylates, nickel formate is quite soluble in ethylene glycol, which allows carrying out the reduction of the precursor in the solution. Also, washing the final product (powder metal) from impurities is much easier in this case. The effect of the synthesis conditions (temperature, reduction time, nickel formate concentration, and the nature of the polyol) on the nanowires growth process has been studied and a tentative mechanism of their formation is discussed.
Experimental
Nickel (II) formate dihydrate (Ni(HCOO) 2 ⋅2H 2 O) and ethylene glycol (HO(CH 2 ) 2 OH) of 99.8% purity grade, ≥99.5% pure 1,2-propylene glycol (CH 3 CH(OH)CH 2 OH), ≥97.0% pure 1,5-pentanediol (HO(CH 2 ) 5 OH), 99% pure diethylene glycol ((HOCH 2 CH 2 ) 2 O), 95% pure ethanol, and 80% solution of hydrazine hydrate supplied by Sigma Aldrich were used in the experiments without further purification. Solutions were prepared using distilled water.
The reduction of nickel formate was carried out as follows. An appropriate amount of nickel formate was dissolved in a polyol under stirring by heating in an oil bath to the desired temperature. Then a concentrated solution (80%) of hydrazine hydrate was added to the reaction mixture under continuous mechanical stirring at a nickel to hydrazine hydrate molar ratio of 1 : 18. After the reaction was complete, the mixture was air-cooled and the supernate was decanted. The resulting nickel powder was washed several times with ethanol and distilled water to remove the impurities and then it was dried in air at room temperature. The particles size and their morphology were investigated by means of X-ray diffraction (XRD) analysis and electron microscopy.
XRD patterns were recorded on a D8 Advance powder X-ray diffractometer equipped with a one-dimensional LynxEye detector and a K filter using bu K radiation. The crystallite size and lattice parameters were estimated by the Rietveld method [28] using software for the profile and structural analysis Topas 4.2 (Bruker AXS, Germany). The broadening of the patterns due to the crystallite size was modeled by the "Double-Voigt" function. Analysis of the samples by transmission electron microscopy (TEM) was performed using a JEM 2010 electron microscope (JEOL, Japan) operating at 200 kV and having a resolution of 0.14 nm. Study of the samples by scanning electron microscopy (SEM) was performed using a Hitachi 3400 N scanning electron microscope (Hitachi Ltd., Japan).
The carbon, hydrogen, and nitrogen contents in the synthesized samples were determined by the modified PreglDumas method ending in gravimetric analysis using a Perkin Elmer 2400 Elemental Analyzer. The nickel content in the solution was determined by complexometric titration in the presence of the indicator murexide.
Results and Discussion
Ethylene glycol (EG) can act as a reducing agent as well as the reaction medium in many systems. However, in the case of nickel, its reduction to metal requires the process to be carried out in the presence of alkaline agents and at the boiling point of ethylene glycol (∼198 ∘ C) [29] which makes the control of size and morphology very difficult. To reduce nickel at lower temperatures, additional reducing agents need to be introduced into the system. In our work we used hydrazine hydrate for that. To accelerate the reduction reaction rate, the solution should be alkaline enough as the reduction of nickel ions and generation of nanoparticles require the synthesis to be carried out at pH values of >9. In the case of nickel formate, the reduction reaction proceeds without adding alkaline reagents to the system which excludes the formation of nickel hydroxide as an intermediate and avoids contamination of the final product by them.
It should be noted that ethylene glycol was also found to play the role of a protective layer on the particle surfaces preventing them from agglomerating which might occur via interactions between OH groups and nickel atoms [30, 31] . That is why we did not introduce additional stabilizing Journal of Nanomaterials reagents into the reaction medium. Lond et al. found [32] that, when dissolving a nickel chloride in ethylene glycol, a complex of the composition NiCl 2 (EG) 3 is formed.
Effect of the Reduction Temperature and Time on the Properties of the Nickel Nanoparticles.
In order to determine the optimum temperature required for the reduction of nickel formate with hydrazine hydrate in ethylene glycol and to understand the influence of temperature, a series of experiments was carried out at reaction temperatures of 80, 100, 110, 120, 130, and 150
∘ C and at a nickel formate to ethylene glycol weight ratio of 1 : 100. It was shown that the reaction rate increased as the temperature increased. Thus, at temperatures below 110 ∘ C, the reduction does not occur even over a time interval of 4 h. After adding hydrazine hydrate to the solution of nickel formate in ethylene glycol at 100 ∘ C, a light violet-pink precipitate is formed. As follows from the X-ray diffraction (XRD) and scanning electron microscopy (SEM) analysis, the precipitate obtained under these conditions does not contain metallic nickel and has quite highly elongated crystal morphology. The crystals are uniform in size and have a length of about 7-9 microns and a width of about 300 to 600 nm (Figure 1(a) ). At 110 ∘ C, according to the XRD data, the incomplete reduction of nickel formate occurs ( Figure 2 , curve 2). As seen from the figure, the product obtained is a mixture of metallic nickel (Bragg's reflections at 2Θ value of 44.5 ∘ , 51.98 ∘ , and 76.4 ∘ ) and some nickel compound precipitated first from the solution. This is also confirmed by the electron microscopy data (Figure 1(b) ). As seen from the electron microscopy images, the final product contains large crystals of the unreacted nickel compound of ∼1.5 m in width and ∼8 m in length and small (100−150 nm in size) spherical nickel nanoparticles nucleated directly on the crystals from which the nanowires are growing.
At 120 ∘ C, the reduction reaction proceeds slowly resulting in the formation of a mixture containing mostly metallic nickel with the impurity of the initial complex of nickel formate with hydrazine hydrate. At a temperature of 130 ∘ C, when adding hydrazine hydrate to the hot solution of nickel formate in ethylene glycol, the reaction mixture changes from a green colour to deep violet-blue but remains transparent due to the formation of some soluble nickel complex with hydrazine hydrate. For a while, no precipitate formation took place under these conditions. However, 1-2 minutes later, the solution becomes turbid and black, and solid product appears indicating the formation of metallic nickel. Figure 2 (curve 3) shows the XRD patterns of the precipitate obtained at 130 ∘ C. As seen, only the diffraction peaks at 2 values of 44.5 ∘ , 51.98 ∘ , and 76,4 ∘ attributed to the main characteristic peaks of the (111), (200), and (222) crystal planes of facecentered cubic (fcc) nickel (JCPDS file number 04-0850) are observed. There are no other crystalline phases, including NiO, in the diffraction patterns which indicate that the pure metallic nickel could be obtained under these conditions. The lack of oxidation of the nickel nanoparticles prepared in ethylene glycol via the reduction by hydrazine hydrate has been discussed in many publications, for example, [6, 33] , and was attributed to the formation of nitrogen gas during the reaction process which could prevent the nickel nanoparticles from oxidation. However, even though the characteristic It is also seen that the wires are less homogeneous in the resultant powders. According to XRD data, the products obtained are pure metallic nickel with a crystallite size of 9 nm. Thus, at temperatures below 130 ∘ C, the reduction process proceeds very slowly or it does not occur at all. An increase in temperature above 130 ∘ C results in an increase of both the diameter and the length of the nanowires but the increase in length is more noticeable than the increase in diameter. Apart from that, an increase in temperature results in a large variation in length so the temperature of (130±5) ∘ C seems optimal for the synthesis of nickel nanowires.
In order to investigate the effect of reaction time, nickel nanoparticles were synthesized at a reduction time of 1 min and 1 hour. SEM images of the samples obtained at different reaction times showed (Figures 4(c) and 4(d) ) that, at the initial stage of reaction, in the first 1 min, nickel nanowires are already properly formed which indicates that process of the nanowire formation is rapid. The resulting particles have a size of about 150 nm in width and 6-10 m in length. A further increase in the reaction time results in little change in the dimensions of the nanowires but makes them less uniform (Figure 4(d) ). As seen from the figure, some nanowires become thicker due to the aggregation process, reaching approximately 300 nm in diameter, while their length remains almost the same. According to the XRD data, an increase in reduction time results in an increase in the crystallite size from 9 to 12 nm. As seen from this figure, a decrease in the nickel formate concentration results in a decrease in the dimensions of the nanowires. At the same time, the distribution of the length of the nanowires becomes much broader, with predominant shorter chains, as the initial nickel concentration in the solution is decreased. Thus, average diameters of the nanowires are approximately 300, 150, 100, and 50 nm at nickel to ethylene glycol ratios of 1 : 20, 1 : 100, 1 : 400, and 1 : 1000, respectively. Their lengths almost do not change remaining in the range of 2-3 m when changing the nickel to ethylene glycol ratio from 1 : 20 to 1 : 1000 but the distribution of the length of the nickel nanowires tends to be wider with a decrease in nickel concentration. Therefore, the concentration of nickel in the reaction system should be kept in the 0.05-0.2 mol/L range to retain the wire-like morphology of the synthesized nickel nanoparticles.
Effect of Nickel Formate Concentration on the

Mechanism of Nanowire Formation.
The mechanism of 1D nanostructures growth is widely discussed in the literature [7, 27, 34, 35] but it has not yet been fully clarified not least because many factors affect the growth process. So the proposed mechanisms for nanowire formation are mostly qualitative and all authors who tried to precisely describe the growth process of the 1D nickel nanostructures concluded that it is a problem. In the case of our system, the possible reactions resulting in the formation of nickel nanowires can be presented as follows. Initially, when nickel formate is dissolved in ethylene glycol, the formation of the nickel formate species solvated by ethylene glycol molecules occurs (1). Then, when adding hydrazine hydrate to the solution, ethylene glycol ligands are exchanged for N 2 H 4 ligands resulting in the formation of a more stable complex between nickel formate and hydrazine hydrate as described by (2) . This complex is precipitated from the solution at temperatures below 130 ∘ C as a violet-pink compound, while at temperatures above 130 ∘ C it is soluble. The change in the solution colour from green to deep violet-blue confirms its formation. As known from the literature [36] , hydrazine hydrate can play a role in both a bridging bidentate ligand towards the metal and the reduction agent for the metal. The complex composition was shown to depend on the amount of hydrazine hydrate in the system and on the acidity of the reaction medium. According to published information [36] [37] [38] , several complexes can be present in the solution containing nickel chloride and hydrazine hydrate, such as Ni(N 2 H 4 ) 2 Cl 2 , Ni(N 2 H 4 ) 3 Cl 2 , and Ni(N 2 H 4 ) 6 Cl 2 , which act as precursors for the production of nickel nanoparticles.
As the solution is heated for longer, the free (excess) hydrazine reduces dissolved nickel species followed by the nucleation and growth of the nickel particles as chain-like Journal of Nanomaterials nanostructures via homogeneous nucleation (3). The reaction proceeds very quickly resulting in a very rapid change in colour from gray to black.
Since, at temperatures below 130 ∘ C, nickel nanowires grow from seeds initially formed on the crystals precipitated from the solution, we isolated the intermediate obtained by the addition of hydrazine hydrate to the solution of nickel formate in ethylene glycol at 100 ∘ C, first studying its morphology and composition and then the process of its reduction in ethylene glycol with hydrazine hydrate. As mentioned above, at temperatures below 130 ∘ C (100-110 ∘ C), as soon as hydrazine hydrate was added to the solution of nickel formate, the solution immediately became turbid and a light violet-pink precipitate was formed. The precipitate so obtained was separated from the solution by centrifugation and washed with ethanol several times. Then, it was dried in air and sent for elemental composition analysis. Analysis of the samples revealed the presence of nickel, nitrogen, carbon, hydrogen, and oxygen. Based on the weight percentages of 27.0, 26.2, 4.5, 11.5, and 30.5 obtained for Ni, N, H, C, and O, respectively, the empirical formula of the complex obtained was found to be Ni(N 2 H 4 ) 2 (CHOO) 2 . The calculated weight percentages for Ni, N, H, C, and O are 27,6; 26.3; 4.7; 11,3; 30,1 respectively. It should be noted that the same composition was found for the compounds precipitated from ethylene glycol at Ni to ethylene glycol ratio of 1 : 20 and from the solution of propylene glycol at Ni to propylene glycol ratio of 1 : 100. As seen from the electron microscopy images, the final product contains large crystals of the unreacted nickel compound of ∼1.5 m in width and ∼8 m in length and small (100−150 nm in size) spherical nickel nanoparticles nucleated directly on the crystals from which the nanowires are growing.
The synthesized complex Ni(N 2 H 4 ) 2 (CHOO) 2 was further used as a starting material (precursor) for synthesis of nickel nanoparticles via the reduction route. In this synthetic procedure, a weighed amount of the precursor was mixed with ethylene glycol at Ni(N 2 H 4 ) 2 (CHOO) 2 to ethylene glycol weight ratio of 1 : 100 and reduced by hydrazine hydrate at 130 ∘ C. Electron microscopy images of the samples taken out from the reaction mixture at different reaction time periods are given in Figure 5 . A SEM image of the initial compound Ni(N 2 H 4 ) 2 (CHOO) 2 prior to starting the reduction process is given in Figure 1(a) . As seen, the compound is present as highly elongated crystals of about 400 to 800 nm in width and about 4 microns in length. Figure 5 shows SEM and TEM images of the products obtained from a reduction time of 1 and 2 min. In the figure, the early growth of nanowires can be seen. It is also seen that small spherical particles of 50-150 nm in size are formed on the initial crystal surface while 7 anisotropic nanostructures are growing away from it. These small Ni nanocrystals may act as nucleation sites, allowing the newly reduced nickel atoms from the solution to be absorbed thereon, which results in the formation of the larger wire-like shaped particles. So the wires are likely formed via adatom addition and direct growth on the nickel seeds. Five minutes after the reaction started, the precursor has been completely reduced resulting in the formation of nickel nanowires with an average size of about 100 nm in diameter and 2-4 microns in length (Figures 4(a) and 4(b) ). According to the XRD data, the product obtained was a pure metallic nickel with a crystallite size of 15 nm.
There could be a few reasons why such a shape is realized during the reduction of nickel formate by hydrazine hydrate in ethylene glycol. The first reason could be an inherent selfgenerated magnetic field which nickel particles possess and due to which they can aggregate along the magnetic force lines forming the 1D nanostructures. According to information in the literature [39] [40] [41] , nanoparticles with magnetic properties can spontaneously align into chain structures. Huelser et al. [42] , using model calculations, showed that formation of the chains of iron nanoparticles up to 300 m in length can be explained by a magnetic interaction between the ferromagnetic particles in the reaction medium. Computational studies of purely metallic (Fe, Co, and Ni) magnetic nanoparticle chains [43] have also confirmed that. So the strong magnetic dipole interactions between nickel particles can make them align and could be the reason for the formation of the magnetic wire-like structures.
On the other hand, the solvent used for nanowires preparation is known to have a significant effect on their morphology. Some solvents which are able to interact with the metal atoms can promote the growth of anisotropic structures whereas others suppress completely such growth. The polyol medium we used in the synthesis may well be responsible for the formation of the wire-like structures acting as a capping agent thus affecting the nucleation and growth rates of the nickel crystals. As found by Gong et al. [44] , the morphologies of the Ni nanocrystallites are closely related to the types of the solvents and only the solvents with double hydroxyl groups could be used for the preparation of the Ni fibres. So it is reasonable to suppose that ethylene glycol is able to influence the growth of anisotropic nanostructures via binding to certain Ni nanocrystal facets and that can result in the formation of wire-like structures. It should be noted that nickel nanowires are formed in the ethylene glycol solution but they do not form under the same reaction conditions when changing the type of polyol. Thus, it was shown that nickel nanoparticles resulting from the reduction of nickel formate in diethylene glycol, 1,2-propylene glycol, and 1,5-pentanediol do not possess a wire-like shape ( Figure 6 ). As seen from the TEM micrograph given in Figure 6 , nickel nanoparticles prepared in 1,2-propylene glycol are mostly spherical in shape and have smaller sizes, less than 50 nm, and this morphology did not change even when varying the reaction conditions (temperature and precursor concentration). So the polyol type affects both the shape and size of the resultant nanoparticles. The reason may be that all these solvents, being more viscous than ethylene glycol, affect the diffusion and growth processes, slowing them and inhibiting nanowire formation. As reported by Tao et al. [45] , fast nucleation and fast growth promote nanowires formation so the ethylene glycol reaction medium seems to play an important role in the formation of nickel anisotropic nanostructures. Also it should be noted that polyols ability to tune particle size and shape is certainly related to their complexing strength (or their ability to coordinate the Ni(II) ions), which is not the same for different polyols and decreases when passing from a short chain polyol to a long chain polyol [46] . Therefore, the more stable intermediate formed in the Ni-EG system may be favourable to the nanowires formation but elucidation of this issue requires further investigation.
Conclusions
Nickel nanowires have been prepared in two simple ways: by reduction of both nickel formate and nickel hydrazine formate Ni(N 2 H 4 ) 2 (CHOO) 2 with hydrazine hydrate in ethylene glycol at 130 ∘ C without the use of other components such as additional capping agents. The dependence of the structural characteristics of nickel nanoparticles on the synthesis conditions showed that an increase in the reaction time results in little change in the dimensions of the nanowires. An increase in the temperature results in an increase in the rate of the nickel reduction but does not change very much the dimensions and morphology of the resultant nanoparticles. A decrease in the nickel formate concentration in the solution results in a decrease in the diameters of the nanowires. Thus, at nickel to ethylene glycol ratios of 1 : 20, 1 : 100, 1 : 400, and 1 : 1000, the average diameters of the nanowires are 300, 150, 100, and 50 nm, respectively, while their lengths almost do not change, remaining in the range of 2-3 m. Final morphology of the nickel nanoparticles was shown to depend on the choice of polyol used in the reaction. The mechanism of the nanowire formation has been discussed and it has been shown that, when using Ni(N 2 H 4 ) 2 (CHOO) 2 as the precursor, Ni nanowires grow from spherical seeds initially formed on the crystal surface via heterogeneous nucleation. When using nickel formate, which is soluble in ethylene glycol, one could assume that Ni nanowires grow from spherical seeds initially formed in the solution via 8 Journal of Nanomaterials homogeneous nucleation. Although it might be possible that, due to the high temperature, which leads to higher reaction rates, large crystallites do not have time to be formed so the nanowires growth takes place on very small solid particles which appear in the solution just before the nickel reduction. The as-synthesized nickel nanowires are expected to show enhanced ferromagnetic properties and could be suited for use in catalysis.
